A real-time lateral shearing interferometry that uses a pair of Ronchi gratings to perform wavefront shearing operations is described for measuring slope and curvature fringes simultaneously in thin structures. It involves simultaneous imaging of diffracted wavefronts using Fourier filtering. Two sets of fringe patterns, one representing slopes and the other curvatures, occur simultaneously at spatially distinct locations on the image plane, thereby eliminating the need for additional postprocessing of the recordings. In this work, the principles involved in the measurement of slopes and curvatures using this technique are explained. The method is then demonstrated on thin structures subjected to well-defined loading conditions, such as a clamped circular silicon wafer subjected to central displacement. Measurements have been successfully compared with analytical solutions.
Introduction
Tremendous progress in microelectronics and microelectromechanical systems ͑MEMS͒ has occurred in recent years. These systems generally consist of thin structures involving layered dissimilar materials or thin-film coatings on substrates. Process and service-induced stresses due to mismatch in thermomechanical material properties are common in these configurations, and accurate quantification of the same is needed for characterizing processes as well as resulting component reliability. 1 It is well known that stresses in thin plate-like structures can be evaluated by knowing surface slopes and curvatures. This observation has been widely utilized by a number of investigators in the past to measure surface slopes and curvatures separately using both coherent and incoherent optical metrology. These methods can be broadly classified into 1. real-time methods [2] [3] [4] [5] [6] and double-exposure schemes 7, 8 involving specularly reflective objects, and 2. double-exposure schemes for diffusely reflective surfaces. 9, 10 Among the real-time slope and curvature measurement methods for specular objects, Assa, Betser, and Politch 3 have demonstrated different grating shearing interferometers. Using diffraction analysis, they have shown that one of their arrangements can give slope fringes in real time, but a second, however, needs spatial filtering to obtain the same. Their setup is capable of providing curvatures but needs spatial filtering of the recordings. In their review article, Kao and Chiang 3 have described a family of optical arrangements that incorporate single and double line gratings to accurately measure slopes and curvatures using both single-and double-exposure schemes. They have used geometric moiré principles to develop the governing equations as they use relatively coarse gratings. A modified reflection moiré method proposed by Ritter and Schettler-Koehler 4 is capable of providing curvature fringes in real time. Selective diffraction order filtering is utilized by Subramanian et al. 5, 6 to obtain slopes and curvatures sequentially in real time. Subsequent optical spatial filtering is needed in some arrangements to acquire the necessary information.
It is evident that although some of these methods can provide slopes and curvatures in real time, postprocessing of the recordings is often needed to retrieve both slopes and curvatures, since the information is not available on the image plane at spatially distinct locations. The current work demonstrates the feasibility of a double-grating lateral shearing interferometer called coherent gradient sensing ͑CGS͒, used widely in failure mechanics 11 studies, and more recently for thin film characterization, 12 for simultaneously measuring surface slope and curvature fringes from specularly reflective thin structures in real time. Previously, it had not been realized that the optical arrangement, which had been used for slope measurements only, can be easily adopted for extracting curvatures as well as slopes. It requires no postprocessing of image plane recordings, since the two families of fringes occur at spatially distinct locations. This capability could be valuable for characterizing transient processes such as metallic thin-film deposition and polymeric coating and curing.
Experimental Setup
The experimental setup used is shown schematically in Fig.  1 . It consists of a polished silicon wafer ͑diameter 50.8 mm, 500 m thick͒ bonded to a steel disk with a central aperture of diameter 25.4 mm. The wafer is illuminated by a collimated He-Ne laser beam. The reflected object wavefront is transmitted through two parallel Ronchi gratings ͑25.4-m pitch͒ separated by a distance ͑⌬͒ of 24 mm. The diffracted wavefronts are collected by a plano-convex lens ͑focal length 500 mm͒, and the resulting diffraction spectrum is registered on its focal plane as shown. An aperture is used to block all but the necessary diffraction orders as depicted. The interferograms are recorded by a chargecoupled device ͑CCD͒ array located at the image plane in real time. It should be emphasized that the camera system comprised of the lens and the photosensor array is focused on the object surface using a target placed at the wafer plane during optical alignment. That is, the object and image distances obey the lens law.
The gratings used in this study are chrome-on-glass linepair depositions with magnesium fluoride antireflection coating. The choice of master Ronchi grating plates is dictated by the commercial availability, and the method should function equally well with other grating profiles such as sinusoidal rulings. It should also be noted that antireflection coatings are essential for minimizing image noise in the form of ghost fringes, which would otherwise occur due to multiple reflections between the gratings. Other parameters such as grating pitch, grating separation distance, and focal length of the imaging lens are chosen based on the need for 1. producing sufficient spatial shearing of the object wavefront without unduly compromising the accuracy of derivative representation of the out-of-plane displacements, 2. separating the diffraction spots at the back focal plane of the imaging lens sufficiently for easy filtering, and 3. separating slope and curvature fringes spatially on the image plane to avoid additional postprocessing. The use of commercially available micropositioning devices to control inplane and out-of-plane parallelism between gratings and grating lines limit the grating separating distance to be no less than 15 mm in the current setup.
Optical Analysis
The object wave, making an angle with the optical axis in the y-z plane, is transmitted through a pair of Ronchi gratings G 1 and G 2 of pitch p with principal grating direction, say, along y axis ͑Fig. 2͒. The separation distance between the two gratings along the optical axis is ⌬. The resulting diffracted light emerging from the first grating consists of a zero and several odd diffraction orders, each denoted by the corresponding complex amplitude distribution E. For simplicity, only consider diffraction orders E i (iϭ0,Ϯ1) after the first grating. These waves are propagating in discretely different directions according to the diffraction equation ͓ϭsin Ϫ1 (/p)Ϸ(/p) for small angles͔. Each of these diffracted wavefronts diffract again at the second grating plane, and the corresponding wavefronts propagating in several discrete directions are denoted by E (i, j) (iϭ0, Ϯ1,jϭ0,Ϯ1), where the subscripts correspond to diffraction order at the first and second grating, respectively. The wavefronts E Ϯ1,0 and E 0,Ϯ1 contribute to the Ϯ1 diffraction spot on the focal plane. And, diffracted wavefronts E 0,0 , E ϩ1,Ϫ1 , and E Ϫ1,ϩ1 contribute to the zero order. By letting Ϯ1 or 0 diffraction order pass through the filtering aperture, interference fringes resulting from the corresponding complex amplitudes can be evaluated. Let l 0 and l Ϯ1 denote the optical path lengths of E 0 and E Ϯ1 , respectively, between the two gratings. Then, complex amplitudes E 0 and E Ϯ1 can be represented as E 0 ϭC 0 exp(ikl 0 ), E Ϯ1 ϭC Ϯ1 exp(ikl Ϯ1 ), where Cs denotes amplitudes, k denotes the wave number (ϭ2/), and iϭͱϪ1. Noting that no additional path difference occurs beyond the grating G 2 , the intensity distribution on the CCD array for a 1:1 magnification is proportional to,
when Ϯ1 diffraction spot is let through the aperture and, Tippur: Simultaneous and real-time measurement of slope . . .
when a zero-order diffraction spot is let through the aperture at the spectrum plane. In the previous, I 0 and I Ϯ1 denote the intensity, A 0 and A Ϯ1 the constant amplitudes associated with each diffracted wavefront after grating G 2 , and* denotes the complex conjugate. Based on geometrical considerations, the optical path lengths l 0 and l Ϯ1 can be expressed as,
by expanding cos(") in the neighborhood of (")ϭzero. For small angles, when the series is truncated by neglecting the terms of the order of (") 3 and beyond, Eq. ͑3͒ becomes,
where binominal expansion
Filtering Out All but Ϯ1 Diffraction Order
By calculating the path difference (l 0 Ϫl Ϯ1 ) from Eq. ͑4͒, the expression for intensity distribution Eq. ͑1͒ on the sensor/image plane when the Ϯfirst diffraction order is allowed to pass through the filtering aperture is,
Then, constructive interference occurs when the argument of the cosine term in the prior equation is 2N d , where N d ϭ0,Ϯ1,Ϯ2,..., is the fringe order. After substituting for the wave number, we get
When the wafer is undeformed (ϭ0), the fringe order of the uniform bright fringe of the undeformed wafer can be denoted by N u ϭ⌬/p (/2)ϭconstant (N u ϭ0,Ϯ1, Ϯ2,...,), where Ϸ/p is utilized. By incorporating the expression for N u , the magnitude of angular deflection of light at a point on the wafer surface can be written as, Tippur: Simultaneous and real-time measurement of slope . . .
Since angular deflection of light rays can be related to surface slopes as ϭ2(‫ץ‬w/‫ץ‬y), where w is the out-of-plane deflection of the wafer in the z direction, surface slopes can be quantified as ‫ץ‬w/‫ץ‬y Ϸ ␦w/␦y ϭn p/2⌬ , where ␦ is the difference operator. It should be noted that the interference fringes obtained by filtering all but ϩ1 or Ϫ1 diffractions can be interpreted as forward and backward differences of the optical signal. The fringe formation in the overlapping region can be schematically represented as in Fig. 3 , where the solid line is used to represent the undiffracted wave, and the dotted line represents either a ϩ1 or Ϫ1 wavefront. Evidently, the sensitivity of the interferometer for measuring angular deflections of light ͑and hence, surface slope͒ depends on the ratio of grating pitch p and grating separation distance ⌬, providing experimental flexibility in choosing p and ⌬, clearly an added experimental advantage.
Filtering Out All but Zero Diffraction Order
After substituting the path differences (l 0 Ϫl Ϯ1 ) and (l ϩ1 Ϫl Ϫ1 ) in Eq. ͑2͒, intensity distribution on the image plane becomes,
This corresponds to overlapping 0, ϩ1, and Ϫ1 diffractions as shown schematically in Fig. 3 . Equation ͑7͒ comprises three individual intensities represented by the three cosine terms. The arguments of the first and second cosine terms are identical to the one in Eq. ͑5͒, and hence, intensity distributions correspond to forward and backward differences, respectively. Further, these two terms are of equal visibility since the coefficients multiplying them are equal (ϭ2A 0 A ϩ1 ). The third cosine term represents an intensity distribution pertaining to the parameter 2. However, visibility of the fringes is substantially low due to the coefficient 2A ϩ1 A Ϫ1 . Thus, the observed intensity consists of two identical, overlapping, and spatially shifted fringe patterns. This causes a moiré-of-moiré effect 13 and produces a new set of fringes. Since the overlapping fringes denote (␦w/␦y), moiré-of-moiré fringes represent,
where ␦y is the shearing distance and m is the order of the curvature fringes. Equation ͑8͒ suggests that the sensitivity of the curvature fringes is intimately linked to the density of the slope fringes and the shearing distance.
Initial Optical Alignment
The shearing interferometer needs to be aligned initially to ensure 1. planarity of the incident laser beam used for interrogating the surface of the thin structure and 2. parallelism of the Ronchi gratings G 1 and G 2 as well as the grating lines. This is accomplished by mounting gratings G 1 and G 2 on positioning devices. One of the two gratings, say G 2 , is mounted on a micropositioning device with z-direction translation and rotational capabilities about the z axis. Separate coarse rotational capabilities about the x and y axes for G 1 are also needed. First, parallelism between the grating planes G 1 and G 2 can be ensured using the coarse positioning device for G 1 by rotating G 1 relative to G 2 about the x and y axes. The collimation of the laser beam can then be ensured by using a front-coated mirror of a relatively high degree of flatness such as a /4 or /8 mirror as the object. Assuming parallelism between grating lines of G 1 and G 2 , when the incident beam is a spherical wavefront i(x,y)ϭ x 2 ϩy 2 /2 f , f being the focal length of the collimating lens, a fringe pattern, as shown in Fig. 4͑a͒ , would result on the image plane when the principal direction of the Ronchi gratings is along the y axis. Now, a planar wavefront can be obtained by adjusting the collimator to widen the fringe spacing until a uniform light fringe covers the entire field of view. For a planar wavefront incident on the gratings, the rotational misalignment such as the one shown in Fig. 4͑b͒ would result in equally spaced fringes along the principal direction of the gratings. The formation of these fringes is due to coherent self-imaging phenomenon 14 along the z axis at Talbot intervals Z T ϭ2 p 2 / . These rotational fringes can be eliminated by rotating G 2 about the z axis until the fringe spacing increases and a single light fringe covers the entire field of Fig. 3 Overlapping sheared wavefronts on the image plane (xЈ-yЈ plane) for filtering all but ϩ1, 0, Ϫ1 diffraction spots. The solid and broken circles correspond to zero order and ϩ1 or Ϫ1 diffraction orders passing though the aperture, respectively view. In reality, however, both these misalignments occur together, resulting in equally spaced fringe at an arbitrary angle relative to the principal direction of the gratings. Thus, optical alignment will have to be carried out iteratively until a uniform light fringe covers the entire field of view.
Experimental Results
The method is demonstrated by performing benchmark experiments on a clamped circular silicon wafer subjected to a known central displacement. The wafer was bonded to a steel substrate with a 25.4-mm central aperture using a thin layer of epoxy. Interference fringes representing surface slopes and curvatures for an imposed central deflection of 80 m is shown in Figs. 5͑a͒ and 6͑a͒ , respectively. A uniform light field representing zero slope and curvature surrounds the fringes in the plate. Excellent fringe contrast and symmetry are evident from the interferograms. The fringes at the center of the plate are very dense in view of the concentrated force acting at that point. Despite this, the fringes are highly discernible, as shown in the enlarged view of the slope and curvature fringes in Figs. 5͑b͒ and 6͑b͒. The slope fringe ͓Fig. 5͑a͔͒ orders increase monotonically from a zero value along the x axis to a maximum value along the y axis, beyond which fringe orders reduce back to zero at the edge of the plate. Fringe contours represent a surface slope of 2.64ϫ10 Ϫ4 radians/half-fringe. The moiré-of-moiré fringes representing curvature ͓Fig. 6͑a͔͒ are numbered according to the principle of moiré fringe formation. That is, when one set of slope fringe overlays exactly on top of the second set, an integer fringe order is assigned. Accordingly, a zero-order fringe is seen along the x axis at the edge of the plate. Further, the zero-order fringe passes through the location of maximum slope fringe along the y axis. For the chosen experimental parameters, the curvature fringes represent 0. 
where w max and a denote the maximum out-of-plane displacement and plate radius, respectively, and (x,y) denote the in-plane coordinates of the circular plate with a loading point as the origin. As discussed earlier, the fringe orders were assigned based on the boundary conditions of the problem, namely ‫ץ‬w/‫ץ‬y is zero along the x axis and ‫ץ‬ 2 w/‫ץ‬y 2 along the x axis at (xϭϮa,yϭ0). Figure 7 shows comparison between measured and predicted surface slopes along (xϭ0,y). Good agreement between the two is clearly evident. The slopes at the clamped edges are somewhat higher than the theoretical predictions, while they are lower at the peak value, possibly due to the fact that the theory assumes rigid clamp, while in reality epoxy glue essentially provides a certain degree of compliancy. The comparison between the measured curvature and the predictions is also very good along both the x and y axes of the plate, as shown in Figs. 8͑a͒ and 8͑b͒ . The fringes as close as 0.5 mm from the center of the plate have been successfully extracted along the x axis, demonstrating the resolvability of dense fringes at this critical location.
Conclusions
The optical method of coherent gradient sensing which has been used widely in the dynamic fracture and failure mechanics community, is extended in this work to simultaneously measure slope and curvature fringes of thin structures in real time. Both slope and curvature fringe families occur at spatially distinct locations of the image plane. That is, highly discernable fringes representing slopes and curvatures can be obtained from the method without any additional postprocessing of the image plane recordings. Optical information is retrieved at spatial distances less than 0.5 mm away from the loading point and compared successfully with the analytical solutions. Thus, numerical differentiation of optically measured slope data for determining curvature can be avoided. The measurements are demonstrated with a relatively high slope resolution of 2.64ϫ10 Ϫ4 radians/half-fringe and curvature resolution of 0.44 m Ϫ1 per half-fringe. These resolutions can be further enhanced, if necessary, by increasing the shearing distance between the gratings or by increasing the pitch of the Ronchi gratings.
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